The first detailed description of a method of endospore formation seems to be that of Robert Koch (1876) . Since that time numerous workers have studied this problem with the result that various conflicting methods have been described. The present state of general knowledge concerning the cytology of endospore formation is revealed by comparing the accounts given in recent reviews and textbook literature. While there is lack of uniformity in the descriptions two conflicting methods are quite generally described. These may be illustrated by brief quotations.
A similar view is given by Lehmann and Neumann (1931) in the following language:
The sporulation of this species (B. anthracis) may serve as a type. It starts with a fine granular cloudiness in the previously homogeneous bacterium. Then in place of these finest tiny particles a small number of slightly coarser granules appear which unite among themselves until small roundish spores lie at regular intervals. These gradually become the oval, strongly refractive, ripe spores. These conditions h-ave usually been explained by saying that the spores are formed by the fusion of granules.
This view was expressed by Zopf (1885) and obtained many advocates following the work of Ernst and Babes (1889) . It is almost inseparably linked with the conception of a diffuse nucleus in bacterial cells. Alany workers have doubted the nuclear nature of the granules in question as well as their fusion to form spores, but the view has been widely taught and accepted.
It is of interest to note that B. anthracis which, according to Koch, forms spores by the gradual development of a single small granule may also serve as the type for spore formation by the fusion of many small granules. There is nothing in any of these statements taken singly to indicate that sporulation lacks uniformity, but when all are considered we are obliged to conclude that the process is not uniform even in a single species.
A third theory which dates from the work of Fisher (1891) appears to be the basis for the concluding sentence quoted from Buchanan. This idea originated in the work of Klebs who found that plasmolysed cells of algae might surround the contracted protoplasm with a membrane and later under favorable conditions initiate new growth.
I have recently had occasion to review the literature of spore formation and to study the development of the spores in B. ntycoides. This study has convinced me that the methods de-scribed above are erroneous and do not represent the more accurate studies which have been made of this subject.
Among the first investigators who questioned the view of Koch and DeBary full credit must be given to Peters (1889) , who described the process of sporulation in an unidentified organism designated as Bacillus E. His observations were confirmed and extended by Klein (1889) . The latter described it as "a new method of spore formation." That this method applies to a wide variety of species has been shown by the subsequent work of A. Meyer (1897-99) , Grimme (1902) , Preisz (1904 ), Bredemann (1909 and Georgevitch (1910) . The list of organisms includes the best known species such as B. subtilis, B. tumnescens, B.
anthracis, B. tetani, B. cohaerans, and B. amnylobacter.
In a recent paper by Bayne-Jones and Petrilli (1932) , the essential features of this method are shown to apply also to B. megatherium although these writers make no reference to the earlier work. This most recent paper is of special interest because of the unique record of the process obtained by serial photographs of a single sporulating cell.
According to Preisz (1904) who gave the most complete account of this method, the process of sporulation in B. anthracis may be divided into three phases: 1. A membrane develops which sets off a clear, fertile, nucleated segment or spore primordium at one pole equal in diameter but not more than one-fifth to one-third the length of the cell.
2. The contents of this primordium increase in density and differentiate to form a "vorspore" consisting of a more or less elongated, dense, refractive, oval body, "the young definitive spore" surrounded by a less dense layer of cytoplasm.
3. The vorspore migrates to the middle of the rod, the granular content of the parent cell disappears and the ripe spore becomes surrounded by a wall derived from the cytoplasmic layer.
A comparison of the observations on cytological changes recorded by Bayne-Jones and Petrilli for B. inegatherium with the descriptions given by Preisz for B. anthracis and by others for various species reveals no marked differences. The photographic record shows very clearly that a polar spore primordium free of refractive granules is formed without fusion of granules. It is impossible to determine from photographs whether or not the primordium is set off by a membrane but the behavrior of the granules appears to support the conclusions of Preisz. The photographic record shows that while granules change position within the area outside they are wholly incapable of penetrating into the primordiLumn. The photographic method of study furnishes conclusive evidence that the definitive spore body is formed by rapid condensatioin of material within the primordium. Earlier workers, especially MAleyer (1897), had emphasized the fact that this body results from condensation of substance rather than contLnued growth of a small refractive granule.
The cytology of spore formation has received but scant attention by recent worl-ers. This might appear to indicate that the subject is so well known that further study is not necessary. The various conflicting descriptions to be found in textbooks and reviews are opposed to such a conclusion. The tendency among such writers is to accept the view of Koch and DeBary or that of Zopf and MIigula. The method described by Fisher is less frequently given while that of Peters, Klein, MIeyer, Preisz, and others is rarely mentioned.
CYTOLOGICAL OBSERVATIONS
Very young cells of B. inycoides stain uniformly with aqueous solutions of aniline dyes while older cells present an alveolar appearance due to the presence of numerous highly refractive, non-stainable granules which resemble oil globules. Since great importance has been attached to these bodies, especially with regard to their relation to endospore and gonidia formation in this and other species, it was deemed essential to detein-iie their nature as fully as possible. Suitable tests for fat, volutin, and glycogen were made.
The graniules are not stained by aqueous solutions of aniline dyes nor by Gram's method and are not acid fast. They may be stained by Sudan III or dimethylamidoazobenzol and by any of the several methods described by Eisenberg (1909) for staining similar bodies in B. anthracis. The most satisfactory results were obtained by the paraphenylenediamin a-naphthol method, by nile blue with the addition of 1 per cent sodium carbonate solution, and by basic fuchsin in combination with various reagents. Wet mounts were found to be more satisfactory than fixed films. The cells were suspended in one of the liquids and allowed to stand one or two minutes. On the addition of the second reagent some precipitation occurred, the amount depending on the strength of the reagents. While this is somewhat troublesome the results are so striking that there need be no confusion.
Preliminary treatment with Lugol's iodine solution, diluted three to five times, followed with diluted aqueous solution of basic fuchsin (0.1 per cent) was found to be a very satisfactory method. The granules take up the dye vigorously and are seen as brilliant red bodies in the faintly stained yellowish-red cytoplasm. By reversing these reagents a slightly different but no less striking differentiation is obtained. The granules which have remained colorless in the fuchsin solution become stained on the addition of iodine, while the cytoplasm gives up the red color and becomes somewhat purple. Picric acid, phenol, platinic chloride, corrosive sublimate or a-naphthol may be used in combination with fuchsin but are generally less satisfactory than iodine. It has not been found possible to stain both the cytoplasm and granules equally by any of these combinations, although the cytoplasm may be counterstained by other dyes.
Tests for volutin and glycogen carried out according to the methods of A. iMeyer (1904) and Grimme (1902) gave negative results. On the basis of all reactions it is assumed that the refractive granules consist of non-living substance of a fat-like nature which serves as a food reserve. It should be noted that many workers have regarded similar bodies as consisting of chromatin. Among these may be mentioned Ruzicka (1907) , Guilliermond (1908) , Swellengrebel (1909) and Schaudinn (1902-3) . Their conclusions do not appear to have been based on sufficient or suitable tests.
In order to determine the fate of the granular material and what relation, if any, it bears to spore formation, three typical strains of B. mycoides have been studied in detail. The cultures were prepared as giant colonies on the surface of standard agar in petri dishes. At the end of an incubation period of thirty-six to forty-eight hours, cells in all stages of spore formation, as well as young vegetative cells, may be obtained by preparing mounts from the center to the edge of the colony.
The first indication of spore formation to be noted in living unstained cells is the clear polar spore primordium, identical in appearance and doubtless in origin with that of B. anthracis, B. megatheriurn, B. subtilis and other species which have been described (figs. 4 and 5). The granules are localized in the nonfertile segment of the cell, and there seems to be no evidence that they play any direct part in formation of the primordium. There is no refractile sporogenous granule present in the young primordium and no evidence of shrinkage or plasmolysis of the cell contents. When material of the proper age is examined in dilute fuchsin solution, the primordium is clearly differentiated by its greater staining capacity. MXleyer (1899) referred to the primordium as the spore vacuole but the term appears to be objectionable. It is obviously a region of more dense protoplasm such as can be observed throughout the vegetable kingdom in embryonic cells. The cell has been differentiated into two distinct areas, a fertile portion destined to further development as a reproductive structure and a sterile portion containing reserve nutritive material, incapable of further division and destined to die. It has generally been believed that in some manner the nuclear material of the vegetative cell becomes enclosed in the young spore. If this is true it might account for the death of the enucleated segment but this is by no means certain. There is no conclusive evidence that the deeper staining capacity of the spore primordium is due to a difference in chromatic material. On the other hand, such evidence as can be obtained by the stains employed points to the opposite conclusions. The material, except for a single deeply stained granule which is not always visible, has every appearance of uniformly stained cytoplasm. Its greater density indicates a region of greater activity such as may be observed in the tips of hypha threads, young sporangiophores, meristem, or the ooplasm in certain oogamous fungi.
The earliest stages of membrane formation are similar to that described by Preisz (1904) for B. anthracis. The membrane extends iris-like from the extreme end of the rod, enclosing all but a thin layer of cytoplasm lying against the original cell wall (fig. 4) . The contents continue to increase in density after the membrane has formed (fig. 5 ). It seems improper, therefore, to speak of the primordium as a structure formed by condensation of material. The greater density is not due to a mere aggregation of material formed elsewhere but to a greater capacity to form new substance.
Just preceding differentiation to form the vorspore the primordium has become quite dense and stains deeply with dilute fuchsin or gentian violet solution ( fig. 5) (fig. 6 ). Shades of color extending from deep purple through red to total absence of color may be noted, depending on differences in the stage of development.
Since it is desirable to adopt some suitable terminology for convenience in designating the two parts of the vorspore, the terms endosporium and exosporium are suggested. No evidence has been seen to support the view that the endosporium results from gradual enlargement of a small refractive granule. The photographic record by Bayne-Jones and Petrilli (1932) shows that differentiation within the vorspore is a rapid process. There is every reason to believe that the same is true for all spore-forming species.
The endosporium at the time of differentiation is not strikingly different in size or shape from the ripe spore. It is a somewhat elongated to oval body about two-thirds the diameter of the vorspore. Its position is more often diagonal to the long axis of the rod. The exosporium stains more deeply with aqueous dyes than the remaining cell protoplasm and is 7, 8, 9) .
The vorspore may retain its polar position for some time but ripe spores are invariably located near the middle of the rod ( fig. 9 ). This change in position occurs gradually and appears to be facilitated by withdrawal of cytoplasm toward the sterile pole which leaves a thin clear meniscus in front of the migrating spore (figs. 6, 7). The exosporium becomes somewhat more elongated forming a cylindrical bodv which is longer than the endosporium but only slightly greater in diameter. It retains its dense staining capacity and at this stage appears in the form of rather large deeply stained hemispherical bodies at the ends of the endosporium while the layer along the sides is quite thin ( fig. 9 ). Preisz (1904) explained the origin of the ripe spore wall as due to shrinkage of this exosporic layer. This is opposed to our knowledge of the origin of similar spore walls in other plants. The true spore wall is more dense and has little or no capacity for taking stains. Mloreover, the exosporic layer may be seen to disappear by a gradual and prolonged process. The cap-like structures at the spore poles become reduced to inere remnants and in the end the ripe spore is naked except for its own true wall which is as refractive and difficult to stain as the spore itself ( fig. 10) . It is probable that the true spore wall is made up of two layers, the outer exine and the inner intine, as in larger and better known spores but this is difficult to demonstrate. In the not-fully-ripe spore, the exosporium lies outside the exine as a rather thick, easily stainable mass but it is not a part of the true spore wall.
The structure designated here as the vorspore might very appropriately be regarded as the true bacterial sporangium although this term is generally employed to designate the mother cell as a whole. Following this conception, it would be necessary to regard the original cell as a sporongiaphore and the vorspore as an endosporangium. The spore primordium is the young, undifferentiated endosporangium. These suggestions are made for the purpose of emphasizing the true nature of the process rather than to introduce new terminology. It seems probable that in some species the exosporium may persist as a more or less permanent sheath around the spore wall. DeBary (1887) recognized in addition to the true spore membrane a clear refractive lightly contoured layer of a gelatin-like consistency which formed a clear area around the spore and in many cases appeared to be drawn out at one or both poles to form appendages. Similar observations were recorded by others but with no clear interpretation of the origin. Meyer (1897) used the term "plasmareste" to designate foreign bodies which were observed at one or both poles of the fully-ripe free spores. The amount of exosporic material present depends on the age of the spore and it is probable that differences might be noted even in a single species under different methods of cultivation such as liquid or solid media. When the spore has reached maturity, the mother cell contains some weaklystaining cytoplasm which is found principally near the ends of the rod as half-moon shaped areas connected by thin layers along the side walls ( fig. 10 ).
Since the refractive granules do not fuse directly to form a spore the question arises what relation, if any, they bear to sporulation. Both Preisz (1904) and Meyer (1899) observed that granules were either few or absent in ripe sporangia and expressed the opinion that the substance served indirectly as nutritive material for spore building. The photographs presented by Wyckoff and TerLouw (1931) show few or no granules in the spore bearing cells of B. subttlis. So far as it is possible to determine, the granules of B. mizycoides play no direct part in the early stages of spore formation. They diminish in number during the ripening of the spore and are generally absent in old sporangia. Two explanations may be offered to account for this behavior. The substance may become digested and contribute material for ripening the spore or it may be utilized by the mother cell in its own metabolic processes. It is not impossible that both of these functions are performed, although the latter appears to be less probable. Cells from old broth cultures contain numerous granules but few or no spores. Nyberg (1927) A knowledge of the cytological changes involved in spore formation should serve to dispel the confusion which exists as to the true nature of endospores. Kruse (1896) expressed the view that sporulation is comparable to encystment of a protozoal cell for the purpose of resisting unfavorable environmental conditions. This view has had many followers who have insisted that since a vegetative cell produces but a single spore and that upon germination the spore in turn produces one cell, it is better to regard the spore as a vegetative cell in a resting state in which form it is better able to resist unfavorable conditions. Opposed to this conception and supported by abundant cytological evidence is the view that a bacterial spore is a cell set apart for reproduction. Accordingly, it is analogous to the spores of other fungi. Its capacity to resist adverse conditions is shared in common with the great majority of spores throughout the vegetable kingdom. Since the process has every appearance of following a sequence no less definite and orderly than that observed in other groups of fungi, it is logical to conclude that spore forming bacteria share with fungi and other plants the same deep-seated, inherited tendency to form reproductive cells.
The cells of B. mzycoides, at the time of spore formation, contain refractive granules which are regarded as cell inclusions of a fatlike nature. Spore formation is not due to fusion of these granules, to the growth of a single small refractive granule, nor to shrinkage of the cell with extrusion of water. The spore arises by differentiation of the contents of a polar primordium which is set off from the remainder of the cell by a membrane. The vorspore consists of an endosporium or definitive body of the spore and a surrounding layer of hyaline cytoplasm, the exosporium. The endosporium develops a true spore wall while the exosporium is gradually reduced to remnants or completely disappears. The refractive granules disappear during the ripening of the spore. They probably contribute material to the later stages of spore development and for metabolic processes of the parent cell.
Endospores are regarded as asexual reproductive bodies analogous to the spores of other fungi.
